A microgravity experiment was conducted on the Space Shuttle Endeavor (STS-108) to observe sustained nucleate boiling of water. Subcooled water was boiled with a single strand and a braid of three 0.16 mm diameter and 80 mm long Nichrome resistive wires. A CCD video camera recorded the experiment while six thermistors recorded the temperature of the fluid at various distances from the heating element. This paper reports experimental results in observations, measurements, and data analysis. Bubble explosions were found to take place shortly after the onset of boiling for both the single and braid of wires. The explosion may produce a high heat transfer rate, as it generates a cloud of micro-bubbles. The number, size, and departure rate of the bubbles from the heater wire were measured and compared with theoretical models as a function of time. The temperature measurements revealed a complex temperature distribution in the fluid chamber due to bubbles ejected from the wire that carried thermal energy close to the temperature sensors. Drag forces on departing bubbles were calculated based on bubble movement and used to predict bubble propagation. Results from this experiment provided further understanding of nucleate boiling dynamics in microgravity for the eventual design and implementation of two-phase heat transfer systems in space applications.
Earth's gravity
Introduction
Nucleate boiling is a well known, highly efficient mode of heat transfer used in many terrestrial heat transfer systems such as power generation, electronics cooling, and fluid handling and control. As technology advances toward the exploration and development of space, more robust, efficient, and cost effective heat transfer systems utilizing phase change are needed for space applications. The lack of free convection in space reduces convective heat transfer, thereby resulting in more localized heating and larger thermal gradients. Lack of buoyancy also increases the relative contributions of secondary forces such as surface tension, inertia, pressure, drag, and the Marangoni effect. These forces are heavily dependent on system characteristics such as the working fluid, level of subcooling, heat flux, and heating surface geometry; therefore, experimental results based on the characteristics of one system cannot be readily used to predict the results of another system. A fundamental understanding of the phase change characteristics is needed before heat transfer systems using nucleate boiling can be implemented in microgravity.
Review of microgravity boiling
As gravitation acceleration goes to zero, drastic reductions in heat transfer are predicted by the widely used empirical model for the efficiency of heat transfer for pool boiling (Eq. 1). (1) This equation shows that the heat transfer coefficient, α, for microgravity is proportional to the heat transfer coefficient on earth and the ratio of their respective gravitational accelerations raised to the n th power. Using n = 0.5 and a microgravity value of g = 10 -4 g 0 , Rohsenow's relation predicts a heat transfer value of 1% of the terrestrial value [1] .
Eq. 1 appeared to be verified by experiments performed by Tokura et al. [2] , Fukada et al. [3] , and Straub [5] where even at relatively low heat fluxes, large coalescing bubbles engulfed the heating elements causing the elements to dry out, overheat, and fail. In these experiments the bubbles acted like an insulating barrier, preventing heat from dissipating away from the heating element.
However, other microgravity experiments have proven that heat transfer is not reduced in microgravity and enhancements of up to 20% of the terrestrial value under the same conditions have been reported [6] . In these experiments, small bubbles form and grow on the heating element until they depart and transport heat away from the wire and into the surrounding fluid.
The dramatic difference in resulting heat transfer demonstrates the fact that boiling dynamics are heavily dependent on system characteristics such as working fluid, level of subcooling, heat flux, and heating surface geometry.
Fluid property and bubble dynamics
The forces that act on a bubble as it grows on the heating surface are heavily dependent on the properties of the working fluid. Zhao et al. [7] analyzed the forces on a bubble as it grows on a thin wire heating element under normal and microgravity. The net force is dependent on the density of the liquid and vapor, surface tension, contact angle, and viscosity as shown in Eqs. (2) -(10).
The inertia force results from the growth of the bubble putting the surrounding fluid in motion. Eq. (3) shows the inertia force is equal to the mass of a sphere of liquid of the same radius as the bubble multiplied by the acceleration of the bubble radius (the leading negative sign corrects for the fact that the bubble radius growth is decelerating). dt
The pressure force, Eq. (4), results from the pressure difference between the inside the bubble and the surrounding fluid. The higher internal vapor pressure causes a force on the heating element creating a departure force.
The buoyancy force in Eq. (5), results from the difference between the density of the liquid and the vapor. Even though gravity levels of 10 -3 g 0 -10 -5 g 0 are quite small, the resulting buoyancy force could affect the total force on the bubble.
The drag force is the resistance of the fluid on the wall of the bubble as the radius increases (Eq. 6).
A dt
The surface tension force, Eq. (7), is the force of adhesion between the water surrounding the bubble and the heating element
The Marangoni force, Eq. (8) is driven by the effects of temperature on surface tension. The surface tension of the warmer water near the heating element is less than surface tension of the cooler surrounding fluid. This creates a force acting to pull the bubble toward the heating surface.
where the drag coefficient, C d , and the contact area, A c , in the equations above are calculated with Eq. 
Zhao's model appears to fit his data from a satellite experiment using subcooled R113. The physical properties of the fluid alter the bubble growth rate, departure diameter, and departure velocity during the boiling process.
Under microgravity conditions, the effects of fluid properties on boiling dynamics have been demonstrated for various working fluids such as alcohols [8] , water [3, 8, 9] , R113 [7, 10] , and R134a [5] .
Fluid subcooling
Fluid subcooling has been observed to affect bubble dynamics, heat transfer and the critical heat flux (CHF) in microgravity. The majority of microgravity experiments were performed at saturation temperature (ΔT sub = 0 K) in order to approximate steady state nucleate boiling; however, several experiments have analyzed the effects of subcooling with complementary results. Straub [6] reported the correlation between the subcooled and saturated heat transfer coefficients as a function of subcooling. The ratio of coefficients steadily increases with subcooling;
reaching about 1.5 with a subcooling of about 30K. This relation appears to be the same for microgravity and terrestrial conditions.
Marangoni convection, thought to enhance heat transfer in the absence of natural, density-based convection, was observed by Straub [10] in subcooled boiling, but not in saturated boiling on a thin wire heater. Wan [11] observed the boiling of subcooled R113 and the presence of Marangoni convection. Wan reported that Marangoni effects led to bubble coalescence, often resulting in bubble departure thus distributing heat and preventing burn out.
Each of these studies contributes to the notion that a heat transfer system with a subcooled working fluid would sustain a stable nucleate boiling, while saturated fluid would likely lead to burn out of the heater.
Heat flux
Sometimes, contrary to intuition, microgravity boiling has higher heat flux than normal gravity. Straub [10] has heavily researched the effects of heat flux on bubble behavior and heat transfer. Boiling subcooled R113 with a 0.2 mm diameter platinum wire, Straub's experiment compared the heat transfer coefficients in 1g and 0g using stepwise power capable of producing heat fluxes of 17, 39, and 77 kW/m 2 . In 0g, nucleate boiling occurred very quickly at 17 kW/m 2 ; however, in 1g, free convection was sufficient to cool the wire and boiling did not occur until 77 kW/m 2 . At 77 kW/m 2 , a 6% enhancement of the heat transfer coefficient was observed in 0g.
In another experiment by Straub [5] , boiling R134a with 0.05 and 0.2 mm diameter platinum wire, heat transfer increased 10% in the 0g experiment when compared to the 1g experiment, for the 0.2 mm wire in at 50 kW/m 2 , which steadily decreased as heat flux was increased to 350 kW/m 2 . The 0.05 mm wire had a fairly constant reduction in heat transfer of approximately 10% and burn out occurred at 250 kW/m 2 .
Fukada et al. [3] also observed wire burn out. Using a 0.2 mm diameter platinum wire to boil saturated water, burn out occurred at a heat flux of 120 kW/m 2 . The burn out was caused by a large coalescing bubble that engulfed the heating element minimizing heat transfer.
Heater surface geometry
Surface modification, providing bubble nucleation enhancement, increases heat transfer under microgravity boiling, which is similar to cases under normal gravity. Several experiments have evaluated the effects of various surface geometries on heat transfer and boiling dynamics. Fukada et al. [3] observed the difference in bare platinum wires and wires with calcium carbonate scale and its effects on heat transfer and CHF. During boiling with the bare wires, coalescing bubbles formed that engulfed the wire, resulting in burn out. On the scaled wire, small individual bubbles were observed, which detached from the wire and burn out was prevented. The scaled wire was able to perform at heat fluxes exceeding the CHF of the bare wire; therefore, CHF was effectively increased due to the scale. These results were attributed to the higher wettability and nucleation site density of the scale wire.
In summary, there have been quite a number of studies on boiling in space and the conclusions are not all consistent. Understanding underpinning mechanisms is the key to the rationalization of inconsistent and sometimes conflicting observations. In order to better understand boiling in microgravity, more experiments on different conditions are needed with more qualitative and quantitative information. This study provides further observations of boiling using a unique heating surface.
Objectives
This Space Shuttle experiment was performed with the following objectives:
1. Observe the nucleate boiling from single and braided thin heating wires in sustained microgravity, 2. Obtain size, position, velocity, and acceleration data from visual recordings of the nucleate boiling process in microgravity, and 3. Verify drag force equations to analytically predict the propagation of bubbles after departing the wire.
Experimental apparatus
The sustained microgravity environment during the Space Shuttle mission, enabled close measurement of a Initially, the fluid chamber was held at 14.7 psi (1 atm) and the water was heavily subcooled with a ΔT sub = 78.8 K. The water was deionized but the presence of dissolved gases is unknown. The braided heating element was powered by 5.5 volts, generating a heat flux of 160 kW/m 2 and the single wire was powered by 12 volts, generating a heat flux of 775 kW/m 2 . The braided wire was powered for 35 min, followed by 1 hour of cool down, and then the single wire was powered for 35 min. For these power levels and duration, the fluid pressure is assumed to be held constant and any volumetric thermal expansion was accommodated by the rear Viton rubber expansion wall. The residual gravity level on the Space Shuttle is negligible, reported to be 10 -3 g 0 -10 -5 g 0 [7, 12] , which generated an even distribution of bubbles in the fluid chamber.
Results, analysis, and discussion

Bubble explosion
Several bubble explosions ( Fig. 3) were observed within the first few minutes of boiling for both the braided wire and single wire experiments. These explosions varied in size and consisted of a bubble rapidly expanding, often stretching along the direction of the wire, and then breaking into many very small bubbles (0.1 -0.2 mm diameter). The entire sequence lasted approximately 0.13 sec. (2 video frames) and it is believed that the bubble explosion phenomenon occurred where coalesced bubbles generated on the heated surface at high heat flux were broken into many microbubbles. Such violent explosions of bubbles have not been reported in the literature on microgravity boiling. The 'cloud' of microbubbles after the explosion, as shown in Fig. 3 , is similar to what happens for microbubble emission boiling when the surrounding liquid has a high degree of subcooling [13] .
Because of the sustained microgravity, a heavy degree of subcooling (ΔT sub = 78.8 K) was able to exist in this experiment. This rarely studied level of subcooling allowed a very large thermal gradient to remain in the fluid chamber for a prolonged period of time.
By simulating the temperature gradients in the fluid chamber using ANSYS, a finite element analysis software, large changes in fluid temperature were predicted across the diameter of the bubble. Figure 4 shows the result of the conduction calculation of water using 6.47 kW/m 2 heat flux at 2 min after the start of heating. In the experiment, the Bubble explosions could greatly enhance the heat transfer. Many ground experiments have studied the phenomena similar to bubble explosion, which is often referred to as bubble collapse or microbubble emission boiling (MEB). The phenomena were first observed in 1986 by Inada et al. [14] and further research has shown that MEB can remove up to 14.41 MW/m 2 at a mass flux (of phase change) of 883.8 kg/m 2 s, proving to be a promising method for the cooling of microelectronic chips [13] . Shoji and Yoshihara [15] discovered that MEB occurs with subcooling greater than 40K on Earth. Although MEB is different from the bubble explosion observed in this study, it does provide potential insight into the conditions for the bubble to explode and potential benefit of increased heat transfer rate. Even though the absence of convection in space creates larger thermal gradients, previous pool boiling experiments probably did not have the required degree of subcooling to observe such phenomenon.
However, the physical understanding and mathematical description of the bubble explosion phenomenon still need to be developed. Further experiments in microgravity must be performed to develop a better understanding of bubble explosions so the phenomenon can be used in the development of highly efficient heat transfer systems. This experiment indicated that the ejection of bubbles from the heater wire was sustained in microgravity.
Bubble population
There was no formation of a single large bubble engulfing the heater wire and causing it to burn out as observed in some of the microgravity boiling experiments. A high degree of subcooling in this experiment could be one of the reasons for the result. In addition, the bubbles departed without a preferred direction. An even spread of bubbles existed throughout the fluid chamber, indicating that the residual gravity had little effect on the growth or propagation of the bubbles during this experiment.
Without gravity, the majority of growth of bubbles in the experiment appeared to be heat transfer controlled, instead of inertia controlled. Although the initial formation and growth of the bubble may be inertia controlled, most of the bubble growth appears to be governed by heat transfer, as indicated by bubble growth proportional to t 1/2 , as shown in Fig. 5 . Excluding the first measured data point and given that the accuracy of bubble diameter measurement is ±0.1 mm, the heat transfer controlled bubble growth curve fits all of the measured data points. If bubble growth was inertia controlled, an increase in heat would not result in an increase in bubble growth, which could result in the burn out of the heating element.
The total bubble volume with respect to time was also determined. Figure 6 shows the correlation of the measured total volume of vapor in the visible area with respect to time for the first 10 min of boiling. The R 2 value of 0.9974 reveals that constant heat flux produces a constant volume of vapor. As long as the wall effects did not interfere, this linear relation indicated that quasi-steady state nucleate boiling had been achieved.
Temperature profiles
Each of the 6 thermistors shown in Fig. 2 measured the temperature of the water once per minute throughout the experiment. Figure 7 shows the temperature readings for 4 thermistors (L1, L3, R1, R3); data from L2 and R2 were excluded because these thermistors experienced hardware failures. The recorded temperatures did not change when bubbles first appeared on the braided wire during the first 9 min. In this time interval, the water adjacent to the wire was slightly above saturation temperature while these four points, the closest being 6.4 mm from the wire, were still at about 21°C. Due to the lack of major convective flow, conduction was likely the main mechanism for heat transfer. When more bubbles began ejecting from the wire, a convective flow of bubbles and water resulted, causing thermistor temperatures to start to rise after ~15 min. Because of the inhomogeneous and erratic nature of bubble ejection and transport, the sensor temperature responses were somewhat irregular. If a bubble travelled in the vicinity of a given sensor, the temperature of that sensor rose faster as a result. After 35 min, the power was turned off and temperatures decreased due to cooling. However, because the thermistors had relatively large thermal mass, and because they were influenced by the bubbles travelling to them, sometimes attaching to them, the temperature readings show a general trend with high level of irregular fluctuations.
The power for the single wire was about three times that of the braided wire causing the temperature to increase almost immediately. The recorded water temperature never surpassed 70°C, thus remaining 30°C below saturation temperature due to the absence of buoyancy-driven convective flow.
Thermal model predictions
Because the braided wire had a unique configuration, the center region was likely heated to a higher temperature and generated early phase change. The finite element analysis software, ANSYS, was used to model the braided wire system. The model was used to look at the heating dynamics around the three wires and was 
Bubble propagation
Bubble propagation data were obtained from pictures extracted from the video. Five bubbles which appeared to travel on the plane perpendicular to the camera were analyzed. The sizes of the bubbles upon departure were 1.5 mm, 1.5 mm, 2 mm, 1.6 mm and 1.4 mm for Bubbles 1, 2, 3, 4, and 5, respectively, with ±10% uncertainty due to camera resolution and lighting conditions. Figure 9 shows an example of a picture created from the video file with Bubble 3 in the upper right comer. Position data for each bubble were taken from the visual recording of the experiment and velocity and acceleration data were obtained using a first-order, center differencing approach. Upon departure from the heating surface, the bubble decelerates due to the drag force (Eq. 11) exerted by the quiescent water. Figure 10 shows the difference between these two models and the standard model for a solid sphere. The
Kelbalilyev model was consistently smaller at all Reynolds numbers, while the Moore's model is in between.
Secondary forces, such as the Marangoni force, were neglected for the modeling of bubble propagation.
Throughout the bubble's trajectory the drag force is an order of magnitude greater than the Marangoni force due to low thermal gradients once the bubble leaves the vicinity of the wire.
The predicted paths of a bubble after departing the heater wire determined using Moore's relation and the Kelbaliyev model are presented in Fig. 11 . It is evident that both models generally agree with the experimental data,
although Moore's model tends to yield more travelling distance than the Kelbaliyev model. This is due to the fact that the initial Reynolds number of the departing bubbles is greater than 30, a critical point in Fig. 10 where the Moore and Kelbaliyev curves intersect. When the bubbles first depart, the high Reynolds number results in Moore's model predicting a lower drag coefficient than the Kelbaliyev model. Since the bubbles trajectory is highly dependent on the drag force during the high initial velocities, Moore's model will always predict more travel since the initial drag coefficients are lower. Both prediction curves tend to plateau slightly quicker than the measured data for all five bubbles. For the empirically determined model inputs, Moore's relation initially overestimated the bubble position for approximately the first second after leaving the wire. Conversely, the Kelbaliyev model always under predicted the displacement of the bubble for all five bubbles. The prediction paths for bubbles with a lower initial velocity appeared to fit the measured data most accurately.
Bubble Condensation
Due to the high degree of subcooling, it is expected that these bubble would condense much more rapidly than observed. Based on the degree of subcooling the vapor bubbles should have condensed within several seconds after departure from the wire. Clearly this was not the case, as bubbles from the braided wire experiments were present during the single wire experiment after the one hour cooling period. Dissolved air contamination would be the only cause for this resistance to condensation. Unfortunately, the composition of dissolved air is an unknown variable in this experiment. The propagation models above are valid for bubbles that maintain a constant diameter as observed in the video recordings of this experiment.
Discussion
The absence of buoyancy allows nucleate boiling dynamics to be controlled by secondary forces. These Large bubble departure diameters are associated with microgravity experiments [10] and are present in the current experiment. Without the departure force of buoyancy, the resistant forces can hold a bubble on the wire longer, generating larger diameters. It is expected that, under certain conditions, these resistant forces will be greater than the departure forces for any bubble diameter, and the bubble will continue to grow on the heating surface until a dry out and failure occur. In this experiment, the departure forces were larger than the resistant forces; therefore, dry out and failure did not occur. [19] concluded that bubble departure is mainly due to the inertia caused by bubble coalescence.
Other experiments [7, 12] concluded that bubble departure can be predicted by the net force on the bubble (Eq. 2).
The current experiment has observed both types of departure. Bubble coalescence was observed to cause bubble departure, however many bubbles appear to depart on their own once they reach a certain size. Further experimental and modeling study is needed to develop a theory for bubble departure.
Finally, as previously stated, microgravity boiling heat transfer is controlled by secondary forces, which are a function of the system's working fluid, subcooling, heat flux, and surface geometry. Therefore, it is acceptable that different experiments would produce different effects on heat transfer due to differences in these parameters.
Several experiments have shown that heat transfer can be enhanced by increasing the surface area of the heating element by using scale or micro-pin-fins. These surfaces produce small areas of superheated fluid where phase change is initiated; therefore, the surface as a whole can remain at a relatively low superheat and bubble generation and growth can still occur. Wire superheat was not measured in the current experiment and therefore heat transfer enhancement could not be concluded. However, the braided wire geometry is expected to increase heat transfer because of its unique feature of localized superheated center area. This internal area of superheating is likely to enhance bubble generation and growth without increasing surface superheat of the external area.
Conclusions
Based on the results and analyses of the STS-108 experiment on nucleate boiling, several of which are first to be reported, the following overarching conclusions can be made:
1. Bubble explosion and microbubble emission is possible in microgravity, occurring at a heat flux of 163 kW/m 2 for the braided wire and 775 kW/m 2 for the single wire with heavily subcooled conditions. This paper includes the first report of pool boiling bubble explosions in microgravity.
2. Bubble radius growth is measured to be proportional to t 1/2 , indicating the heat transfer controlled regime of bubble growth, and total vapor volume is linear with respect to time under constant heat flux. 
